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Absract. In this paper, a novel approach to automatically sub-divide a complex 

geometry and apply an efficient mesh is presented. Following the identification 

and removal of thin-sheet regions from an arbitrary solid using the thick/thin de-

composition approach developed by Robinson et al [1], the technique here em-

ploys shape metrics generated using local sizing measures to identify long, slender 

regions within the thick body. A series of algorithms automatically partition the 

thick region into a non-manifold assembly of long, slender and complex subre-

gions. A structured anisotropic mesh is applied to the long/slender bodies and the 

remaining complex bodies are filled with unstructured isotropic tetrahedra. The 

resulting semi-structured mesh possesses significantly fewer degrees of freedom 

than the equivalent unstructured mesh, validating the effectiveness of the ap-

proach. 
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1 Introduction 

A major advantage of applying unstructured tetrahedral meshes to com-

plex geometries for structural problems is the robustness of the current 

automatic tet mesh generators. One disadvantage is their limited capability 

for generating appropriate anisotropic stretched meshes. For CFD prob-

lems, meshes with very large aspect ratios can be routinely generated and 

adaptively refined [2]. However in structural problems a mesh density of 

one or two elements through the thickness of a thin sheet or across the 

cross-section of a long/slender region is often sufficient. This means that 

local, mesh-based approaches to anisotropic refinement are difficult. Al-

ternatively, by generating a “mixed” or “hybrid” mesh consisting of struc-

tured meshes on specific regions of the model, combined with unstructured 

meshes on more complex areas, it is possible to achieve a dramatic reduc-
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tion in degrees of freedom and thereby improve the efficiency of the anal-

ysis process. Consequently, this requires a process to partition the model 

into sub-regions where the different meshing strategies may be applied. 

This may be achieved by identifying easily mappable regions and sweepa-

ble volumes such as thin-sheets or long, slender sections. Structured aniso-

tropic pentahedral or hexahedral meshes may be applied to these regions, 

and the remaining complex volumes in the model may be filled with un-

structured tetrahedral elements to produce an efficient, semi-structured, 

mesh of the model. 

Geometric properties of solids such as the medial object have been used 

in the past to decompose complex geometries into thick and thin sub-

regions [1]. A structured thin-sheet mesh could be applied to the thin-sheet 

regions and merged with isotropic unstructured elements in the adjoining 

thick regions. Even though a significant reduction in degrees of freedom 

was achieved using this approach, it was less than expected as the long, 

slender areas of the thick-region consumed a lot of nodes when meshed 

with tetrahedra. However, if these long, slender regions could be identi-

fied, instead of being tet meshed they could be filled with a structured, 

swept mesh comprising anisotropic elements, thereby reducing the mesh 

density even further. 

The objective of this research is to develop an automatic approach that 

uses an a priori knowledge of shape properties to identify long, slender re-

gions in complex solids for the application of an efficient semi-structured 

mesh. Local sizing measures such as edge length and curvature, face width 

and curvature and local 3D thickness are employed to generate metric ten-

sor fields which identify meshable sub-regions within complex volumes. 

Intelligent routines interrogate the geometry and automatically partition 

the body, isolating the long/slender regions from residual complex regions. 

Appropriate meshing strategies are applied to the respective sub-regions 

and the metric fields are then used to grade the mesh along the length of 

each slender region ensuring a smooth transition with isotropic elements in 

residual complex areas.  The effectiveness of the approach is demonstrated 

on a complex model with a substantial reduction in degrees of freedom 

achieved. 

The remainder of this paper is organized as follows: Section 2 reviews 

related work on geometric reasoning for meshing applications; Section 3 

explains how the metric fields are generated using local sizing measures; 

Section 4 describes the approach for identifying the long/slender regions 

and partitioning the body into a non-manifold assembly of meshable sub-

regions; Section 5 details the results for a complex model and makes a 

comparison between the semi-structured mesh and the equivalent unstruc-

tured tetrahedral mesh; Section 6 presents conclusions and future work. 
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2 Previous Work 

Thakur et al [3] gives a comprehensive summary of the state of the art 

in CAD model simplification techniques for meshing. Research of particu-

lar note to the work in this paper is the prototype thick-thin decomposition 

process developed by Robinson et al [1] provided a capability for locating 

thin-sheet regions in complex solid geometries. This functionality is now 

available in the commercial CAE tool CADfix, by Transcendata [4]. The 

approach uses the 3D medial object (MO) [5] of the solid to determine the 

local thickness followed by a 2D MO computation on the mid-surfaces. By 

comparing the diameter of the 2D MO (which is an approximation of the 

lateral dimensions of the object) to the thickness of the 3D MO, it is possi-

ble to determine if the region is thick or thin. If the diameter of the in-

scribed circle on the 2D MO is large in comparison to the thickness, the 

region will be a thin sheet. Luo et al. [6] addressed the very similar prob-

lem of finding thin sections for the generation of prismatic p–version finite 

element meshes, using an octree-based approach to identify medial surface 

points and local thin sections. 

Although efficiently meshing the thin-sheet regions significantly redu-

ces the degrees of freedom in the model, it was noticed that there was still 

a lot of degrees of freedom consumed when long/slender regions such as 

flanges were filled with an unstructured tetrahedral mesh.
 

Price et al [7, 8] proposed a logical approach to firstly partition a com-

plex 3D object into meshable regions and secondly apply a structured 

mesh to these regions. The medial surface was used to sub-divide the solid 

into hex-meshable subregions known as primitives. After all the subre-

gions have been formed, each primitive is meshed using a midpoint subdi-

vision technique [9]. Mesh compatibility between the primitives can be 

controlled by an integer programming technique described by Tam et al 

[10]. However, the approach has its limitations as it relies on a robust 3D 

medial object computation. Moreover, a comprehensive treatment of all 

possible shape features has not been developed. 

Tchon et al [11] used an a priori knowledge of model geometry to gen-

erate a Riemannian metric based on local curvature and thickness. An iso-

tropically refined octree grid is used as a support medium to generate the 

shape metrics. The anisotropic sizing information provided by the metrics 

is then used to refine the mesh. Some impressive results have been 

achieved with this approach with a dramatic reduction in element count. 

However, the technique relies on an initial mesh and the quality of the 

elements generated after the refinement process is questionable as their 

shape is not perfectly cubical. Other authors [12, 13] have reported similar 
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geometry-based methods for mesh adaption and refinement. However, all 

of them relate to the relocation or refinement of an initial mesh. The focus 

here has been to use similar shape measures to identify regions of the 

model for structured meshing, rather than local mesh. 

Zhao et al [14, 15] proposed a technique for the adaptive generation of 

an initial mesh based on the geometric features of a solid model. A special 

refinement field based on curvature and thickness was constructed to con-

trol mesh size and density distribution. The boundary of the adapted inden-

tation mesh produced was matched to the boundary of the solid model us-

ing a threading method. Although the resultant mesh on a complex model 

possessed fewer degrees of freedom than a structured swept mesh applied 

to a manually sub-divided version, the quality of the mesh produced was 

not satisfactory as a significant number of singularities were evident. 

White et al [16] developed an interesting algorithm for automatically 

decomposing multi-sweep volumes into volumes that can be swept 

meshed. This is achieved by discretizing the linking faces of volumes with 

quad elements which provide a layering system to traverse the volume ver-

tically. Target faces are pushed through the volume onto opposing source 

faces providing an imprint that governs the decomposition of the solid. 

The newly generated volumes are all sweep meshable with a single target 

face. However, the major limitation with the approach is that it can only be 

applied to sweepable geometries and cannot be used to decompose more 

complex models. Consequently, this identifies a requirement for a more 

robust technique for the automatic decomposition of complex models that 

will successfully partition any dumb solid geometry into an assortment of 

sub-regions, including sweepable volumes, where various structured mesh-

ing strategies may be applied. 

3 Geometric Reasoning using Local Sizing Measures. 

The approaches and methodology reported in the forthcoming sections 

have been implemented in the CADfix software package using an API 

based on the Python programming language. Assuming that the thin-sheet 

regions have been identified and partitioned out using the aforementioned 

thick/thin decomposition tool developed by Robinson et al [1], decomposi-

tion of the remaining thick region into long/slender and chunky bodies 

may be achieved using a shape metric. 
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3.1 Metric Classification 

The goal is to generate within the CAD model ellipsoids representing 

the shapes of different regions. The principal axes of an ellipsoid may be 

used to define the target element size in three dimensions [17].  

Table 1. Ellipsoid classification 

Ellipsoid 

Type 
Diagram Criteria 

 Long/ 

Slender 

 

 
 

V3>>V1 

V3>>V2 

V1≈V2 

Thin-

sheet 

 

 
 

V3>>V1 

V2>>V1 

V2≈V3 

Isotropic  

 

 
 

V1≈V2≈V3 

 

If an ellipsoid has one principal direction that is much greater than the 

other two, this identifies a slender region where the mesh can be extruded 

in the direction of the largest principal axis. Conversely, areas of the model 

where each axis is similar in magnitude and the ellipsoid is spherical iden-

tify regions where the target element size will be similar in all directions, 

requiring an unstructured isotropic tetrahedral mesh. The three main types 



6      Jonathan E. Makem, Cecil G. Armstrong and Trevor T. Robinson 

of ellipsoids are displayed in table 1. Note that regions represented by thin-

sheet ellipsoids will have been removed by the thick/thin tool prior to im-

plementing the approach presented here. 

Within the procedures described in this paper, an ellipsoid is generated 

on every edge with its centre at the mid-point of the edge. The edge length 

and curvature are used to determine the length of the ellipsoid in the edge 

direction. In terms of long/slender ellipsoids, this sizing measure is nor-

mally employed to gauge the size of the largest principal axis which pro-

vides the sweep direction for the extruded mesh. The other sizing measures 

of face width and curvature and local 3D thickness are employed to deter-

mine the extent of the remaining two principal axes. If a face is planar, the 

length of an axis may be calculated using the 2D medial axis on the face or 

an approximation to it, whereas the axis length on non-planar surfaces may 

be determined using a curvature based searching algorithm for a pre-

defined sag value, d. For other scenarios such as concave edges and cor-

ners ray casting is used to assess axis length by giving an approximation of 

the local thickness.  

3.2 Metric Sizing using Edge Length and Curvature 

If the edge is straight, then half the edge length is used for the extent of 

the ellipsoid axis by default, as shown in figure 1. However, if an edge is 

curved, it is necessary to employ a curvature sensitive approach to check 

the size of the ellipsoid axes along curved edges and surfaces. Along an 

edge, the change in tangent vector, Ti, quantified by the angle  defined in 

equation 1, is used to determine the size of the first ellipsoid axis, Vi, as 

shown in figure 2. When  reaches a tolerance value the ellipsoid axis vec-

tor Vi can be determined.  

 

Fig. 1. 1D metric generated using edge length and curvature 
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(1) 

 
 

Fig. 2. Metric sizing using edge curvature 

3.3 Metric Sizing using Face Width and Surface Curvature 

If the surfaces adjoining an edge are curved, a similar strategy is applied 

to assess the size of the second and third axes. The surface curvature is 

used to determine the size of the ellipsoid axis based on a sag value, d. For 

a pre-defined d value, the size of the vector orthogonal to the tangent vec-

tor at the centre point on the edge can be calculated, as shown in figure 3.  

In cases where the surface is planar, the 2D medial object is used to deter-

mine the local face width and the length of the ellipsoid axis in this direc-

tion.   

 
 

Fig. 3. Sizing of ellipsoid axis using surface curvature and face width. 

On a parametric surface, as shown in figure 4, for a given tangent vec-

tor, T and normal vector N at point P on a given edge, the sag value, d at 

point Q on the surface is equivalent to the projection of PQ onto N, as de-

scribed in equation 2. 



8      Jonathan E. Makem, Cecil G. Armstrong and Trevor T. Robinson 

       (2) 

d can also be described as the perpendicular distance from Q to the tangent 

plane at P. In parametric terms, P and Q can be represented by the points 

       and             . Consequently, using Taylor‟s theorem 

[18], equation 3 can be modified to give: 

 

   
 

 
                  (3) 

Thus, for a pre-defined sag value, d, equation can be used to determine the 

location of point Q and the extent of the ellipsoid axis, V. 

 

 

Fig. 4. Metric sizing for a given sag value on a parametric surface. 

3.4 Metric Sizing using Local Thickness 

Local 3D thickness is used as a sizing measure to gauge the extent of the 

ellipsoid axis for scenarios like concave and convex edges. For ellipsoids 

generated on concave or convex edges ray casting is used to assess the 

thickness of the body in that region, as shown in figure 5. An axis length 

based on the thickness of the body is then compared to potential axes gen-

erated using other sizing measures and the shortest axis is always selected 

for the ellipsoid in that direction. 
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Fig. 5. Metric sizing by assessing local 3D thickness. 

4 Automatic Partitioning of Complex Geometry 

After a thick/thin decomposition has been performed on a complex 

geometry, as shown in figure 6, a search is then performed on the thick 

body (in red) for slender regions by generating ellipsoids at the mid-point 

of every edge. 

 

     
(a) Dumb Solid Model         (b) Sub-divided Model 

 

Fig. 6. Thick/thin decomposition of complex model 

4.1 Identification of Long/Slender Regions 

The aspect ratio of an ellipsoid compares the length of its longest axis to 

the length of its other axes. Critical aspect ratio (CAR) is a user specified 

Thin region 

 (yellow) 

Thick region 

(red) 
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criteria that is used to determine above which ratio it is considered an el-

lipsoid axis is much longer than the other two. For a pre-defined critical 

aspect ratio (CAR), all long/slender ellipsoids are identified using the algo-

rithm detailed in figure 7. Where   represents the dimension of the ellipso-

id (for long/slender ellipsoids    ),     ,    and    are vectors defining 

the three principal axes of the ellipsoid,   is the vector with the greatest 

magnitude and   defines a set of vectors excluding the vector with the 

greatest magnitude. All of these long/slender ellipsoids for the thick region 

on the model shown in figure 6 are shown in figure 8. 

 

 
 

Fig. 7. Selection process for 1D ellipsoids using a critical aspect ratio. 

 

 
Fig. 8. Long/slender ellipsoids on the thick region of complex model. 

Set D = 3, CAR = 10, i = 0.

A = max(V1, V2, V3).

B = (V1, V2, V3) - A .

Is

|A|/|Bi| > CAR?

D = D - 1 

Is
i = 1 ?

Return D

Is
i = 1 ?

i = i +1

i = i +1

Yes

Yes

No

No

No

Yes
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After all the long/slender ellipsoids are generated, a “closed-loop” 

searching algorithm is then initiated that uses the ellipsoids to look for 

closed loops of surfaces which each bound a slender section. For any given 

edge on which a long/slender ellipsoid is located, the algorithm searches 

for an adjoining surface that has another long/slender ellipsoid on one of 

its bounding edges. If such an ellipsoid exists, this establishes a direction 

in which to continue the search, in either a clockwise or anti-clockwise fa-

shion. The search is repeated for the other surface and if successful the 

process continues until a surface is located that contains an edge with the 

ellipsoid that was used for the initial iteration. At this point, a long/slender 

region comprising a closed loop of surfaces is identified and these surfaces 

are then removed from the search. A new edge is selected and the process 

is repeated until all closed loop surface groups have been identified in the 

model. Table 2 describes the closed-loop searching algorithm for 

long/slender extruded regions. The results of the closed-loop search are 

shown in figure 9. The algorithm successfully identifies five slender re-

gions, where each region is highlighted in a different colour. Note that the 

bottom-left arm of the model is composed of two separate long/slender re-

gions. The different surfaces identifying those regions are in different co-

lours on the left and right image. 

 

 

Fig. 9. Long/slender regions identified on complex model 
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Table 2. Closed-loop searching algorithm. 

 

Stage Diagram 

1. Select an 

ellipsoid. 

 

2. Locate an 

ellipsoid 

on the 

edge of an 

adjoining 

surface. 

 

3. Continue 

the search 

in the 

search di-

rection. 

 

4. Stop when 

a closed 

loop is 

formed 
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4.2 Automatic Partitioning into Meshable Sub-Regions 

After the groups of surfaces that define each slender region have been 

identified, the next stage of the process involves generating meshable 

slender bodies by partitioning the surface groups using cutting planes. 

Open ended slender regions, which don‟t require any cutting planes, can be 

identified because the „capping‟ surface shares an edge with all of the sur-

faces bounding the sweepable region. Cutting planes are generated using 

the edge tangent and surface normal at an offset (calculated as a fraction of 

the shortest edge length) away from the long/slender-complex region inter-

face, as shown in figure 10. The cutting plane(s) for each edge are grouped 

into a set and given an ID based on the surface group. 

After associating each surface group with a cutting plane, the body is 

automatically partitioned into a non-manifold assembly of long/slender 

and residual complex bodies in CADfix, using series of cutting commands. 

The cutting plane ID‟s are then used to identify if a body is chunky or 

slender. Any body that lies between the cutting planes in a set is slender. 

The result of the automatic partitioning process is shown in figure 11. 

 

     

Fig. 10. Automatic generation of cutting planes 

Finally, by combining the partitioned thick region with the thin region 

generated from the thick/thin decomposition it‟s possible to achieve the 

complete decomposition of the model into long/slender, thin-sheet and re-

sidual complex sub-regions, as shown in figure 12. 

 

Cutting planes 

(in red) 
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Fig. 11. Automatic partitioning into long/slender and complex sub-regions 

 
Fig. 12. Full decomposition of complex model 

Complex region in yel-

low 

(unstructured mesh) 

Long/slender region in 

blue 

(swept mesh) 

Thin-sheet region in 

green 

(thin-sheet meshable) 
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5 Meshing 

After the thick region has been sub-divided a semi-structured mesh can 

be applied using various meshing algorithms. An extruded mesh is applied 

to the 1D regions using a 1D sweeping algorithm. The 3D complex vo-

lumes are filled with an unstructured isotropic tetrahedral mesh. Some re-

finements to ensure better matching of element size between 3D unstruc-

tured and 1D sweep meshes are planned. A 48% reduction in degrees of 

freedom is achieved with the semi-structured mesh (15,773 nodes) of the 

non thin-sheet region, shown in figure 13 compared to the unstructured te-

trahedral mesh (30,108 nodes) of the component shown in figure 14. 

 

 

Fig. 13. Unstructured tetrahedral mesh of thick region 

 

 
Fig. 14. Semi-structured hybrid mesh of thick region 
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The ellipsoids are not only used to partition the model but also grade the 

mesh in the long/slender regions. Each ellipsoid on the edge of a 1D 

sweepable region is used to define a “source field” on the model in CAD-

fix. These source fields control the growth of the mesh and ensure a 

smooth transition between the 1D and 3D regions. In any case, the effec-

tiveness of the mesh adaption technique is clearly demonstrated, generat-

ing an efficient mesh with a substantial reduction in degrees of freedom. 

6 Conclusions 

An automatic approach for sub-dividing a general dumb solid into 

meshable sub-regions has been developed. The approach relies on a robust 

thick/thin decomposition of the model. Provided the thick bodies can be 

identified, they can be partitioned into slender (1D) and chunky (3D) re-

gions. Consequently, by applying a different meshing strategy to each re-

gion in the assembly of thin-sheet (2D), long/slender (1D) and chunky 

(3D) bodies, a semi-structured mesh can be generated, producing signifi-

cantly fewer degrees of freedom and thereby enhancing the efficiency of 

the numerical analysis process.  

Novel techniques for long/slender region identification have been em-

ployed that use shape metrics based on local sizing measures such as edge 

length, surface curvature, face width and local 3D thickness. After building 

an association between the shape metrics and the model geometry, a 

“closed loop” searching algorithm successfully locates closed loops or 

groups of surfaces that form slender regions within the model. Additional 

algorithms analyse these surface groups and generate cutting planes in 

strategic locations that are then used to automatically partition the model to 

produce a fully sub-divided, non-manifold assembly of meshable bodies. 

Future work will focus will be on testing the approach on assemblies of in-

dustrial complexity, quantifying the accuracy of the highly stretched mesh-

ing produced and the reduction in degrees of freedom attained.  
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